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SPECIFICATION 
NANOPOROUS INTERPENETRATING ORGANIC- INORGANIC NETWORKS 
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The invention pertains to nanoporous, interpenetrating organic- inorganic 
networks, to processes for their production, and to their use. 

Organic polymers are often characterized by. ease of molding and elastic- 
ity. For many applications, however, they are not hard or scratch- resistant 
enough. Ceramic materials, in contrast, are hard and scratch-resistant, but 
•they are usually brittle and inelastic. If it is desired to combine the prop- 
erties of organic polymers with those of inorganic ceramics, the attempt can 
ij be made to produce a material consisting of the most uniform possible mixture 
of the two different components. Various approaches to achieving this goal 
jjj are known. 

<y ^Jfa^. < ^J&>A-4- , 9 8 0 , 306 - de s-c flbes a composi tio n c o n s ist i ng of a , n ,x>a?ganopo lysilc 
1= ane, a filler of the silicate type, an organosilicon compound ofttwriTsocyanu- 
i!j rate type, and an organic solvent. The composition is^use^to bond a fluoro- 
^ silicone rubber permanently to metal, plastic, 



case, the f luorosilicate^fsic; fluozp&tficone? --Tr. Ed.] ruj 



materials; in this 
»ber is to be vul- 
te-constrituents are used in 



canized by atmospheric , h^t^tfir vulcanization 
the form of^sotution or slurry in an organic solvent such as ethyl acetate, 
ample. 



US-A 5,342,876 describes a process for the production of porous, spheri- 
cal particles of silicon dioxide. In this process, polyacrylamide polymers 
are used as a coagulation gr wth agent t pr mote the coagulation of the sil- 
ica gels. Silica gel coagulates with a pore volume of 0.3-1.0 cm 3 /g are thus 



obtained. An interpenetrating network of silicon dioxide and polyacrylamide, 
however, is not formed, which means that the polyacrylamide can be dissolved 
out of the article produced. The polyacrylamide thus serves to build up the 
silicon dioxide body but is not a component of an organic- inorganic network. 

Various approaches to the problem of obtaining hybrid organic -inorganic 
materials make use of organosilicon starting compounds. When the very expen- 
sive organosilicon compounds are being processed, it is necessary to work in 
an organic solvent. Both the management of the process and also the starting 
compounds are extremely expensive, which means that the range of applications 
open to this process is limited to specialized cases. 
? ? Also included among these processes are processes for producing nanoc- 

H omposite materials, in which alkenylsilanes are polymerized by thermal or pho- 

4 tochemical means. After the organic components have been polymerized, an 

5 inorganic network is produced by hydrolysis. In this way, bulk materials of 
't high density are accessible. These materials are again extremely expensive, 
ry The task of the present invention is to provide a process for the produc- 
S tion of materials with organic and inorganic networks which interpenetrate in 
| very small dimensions, which process makes use of inexpensive starting materi- 
als and which leads to products with properties which can be adjusted in many 
different ways. In particular, the goal is to arrive at aerogels and xerogels 
of low thermal conductivity and increased sound absorption capacity as well as 
composite materials which combine the properties of organic polymers with 
those of inorganic ceramics. 

This task is accomplished by a process for the production of materials 
with interpenetrating organic and inorganic networks with a maximum dimension 
of 100 nm by: 




(1) mixing aqueous solutions or dispersions of organic polymers, polymer 
precursors, or mixtures thereof which are capable of forming polymer networks 
in the aqueous phase with silicon dioxide components; 

(2) changing the pH of and/or thermally treating the. aqueous solution or 
dispersion to form a gel consisting of interpenetrating organic and silica gel 
networks ; and 

(3) drying the gel. 

It was discovered as part of the invention that the materials listed 
above can be obtained by processes for the production of aerogels and xero- 
gels, where organic polymers or polymer precursors capable of forming organic 
£3 networks under the conditions of the formation of aerogels and xerogels are 

v3 ' 

S 4 used in addition to the inorganic starting materials for the production of 

Q aerogels and xerogels. In the following, the starting materials are described 

£n first, and then the different variants of the process are presented. 

, Organic polymers, polymer precursors, or mixtures thereof which are able 

M to form networks in the aqueous phase are used to form the organic polymer 



= =■ network. 



?'J In principle, any organic polymer which is soluble or dispersible in 

water can be used; a "polymer" is understood here to be a polymer, a polycon- 
d nsate, or a polyadduct which can be crosslinked in water. Examples are non- 
ionic polyvinyl alcohol, which can be completely or partially saponified from 
polyvinyl acetate; polyethylene glycol; anionic polymers such as carboxymeth- 
ylcellulose and sodium poly(meth)acrylate or other poly (me th) aery lates; or 
cationic polymers , polyamides , or polyvinylamines as well as mixtures of 
these. Horn polymers and copolymers of sterols such as bile acid homopolymers , 
copolymers, or oligomers such as those described in EP-A 0,549,967 or choles- 
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terol can be used. In addition to polyvinyl alcohol or poly(meth)acrylate, it 
is preferred to use organic polymers or their precursors which are based on 
formaldehyde or on resins which contain formaldehyde. These include primarily 
diamine resins, phenolic resins, and resorcinol resins. Especially preferred 
are melamine- formaldehyde resins, which can possibly contain solubilizers such 
as sulfamate, and which gel preferably in the P H range of 5-6. These polymers 
should be crosslinkable in an aqueous medium with standard crosslinking agents 
such as formaldehyde or glutarodialdehyde . In general, aliphatic and aromatic 
dialdehydes, especially glutarodialdehyde; aliphatic or aromatic diepoxides; 
or aliphatic and aromatic diisocyanates can also be used as crosslinking 
□ agents for the organic component. 

The organic polymer network is preferably obtained by polycondensation in 
the aqueous phase. Polymers and polymer precursors which can be polymerized 
1 by radical polymerization in the aqueous phase, however, can also be used. 

Melamine- formaldehyde condensates are described in, for example, US -A 
5,086,085. Resorcinol-formaldehyde condensates are described in, for example, 
US-A 4,873,216. 

It is preferred to select organic polymers, polymer precursors , or their 
mixtures which polycondense by adjustment of the P H value or the temperature 
to a value in the same range as that in which the inorganic (silicate) network 
condenses . 

If polyacrylic acids or bile acid homo- or copolymers according to EP-A 
0,549,967 or possibly other derivatives of polyacrylic acids or of polyacrylic 
acid amide are used, then advantage can also be taken of their enormous swel- 
ling capacity, which means that the p lyacrylic acids can be used in a form in 
which they have already been crosslinked and dried. They can be added to a 
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silicic acid sol to swell them. The expression "organic polymers, polymer 
precursors, or mixtures thereof" thus designates all the components which are 
required to obtain a polymer network in an aqueous solution or dispersion. In 
particular, this expression includes polymers, prepolymers, monomers, cros- 
slinking agents, and other substances which play a role in polymerization or 
cross linking. 

The silicon dioxide components used according to the invention are compo- 
nents which can form polymeric networks in an aqueous solution. The preferred 
silicon dioxide components are water glass, laminar silicates, or silicic 
acids. Metal oxides which are suitable for the sol-gel technique are described 
C3 in, for example, C. J. Brinker and G. W. Scherer: Sol-Gel Science, 1990, 

SI Chapters 2 and 3, Academic Press, Inc., New York. Free silicic acid is the 

LJ 

□ preferred component, which can be produced from water glass, for example, by 

ffj separation of the cations by the use of ion- exchangers . A process of this 

J iJ type is described in, for example, EP-A 0,658,513. Free silicic acid from 

l\[ which the cations have been removed is highly compatible with organic polym- 

r ers, polymer precursors, or mixtures thereof which can form polymer networks 

S3 and can form stable sols and gels under a wide variety of conditions as a 

C;3 m 

function of the pH value and concentration. In general, usable silicic acids 
are built up from sodium or potassium oxide and silicon dioxide. Colloidal 
silicic acids can also be used. 

Especially preferred for use in the process according to the invention is 
a combination of water glass or preferably free silicic acid and melamine 
resins, especially standard commercial sulfamate -modified melamine resins. 

Additional c nstituents which can be used include the components which 
are normally used to prepare polymers or silica gels and which are compatible 
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with the aqueous phase. Fillers in the form of particles, fibers, fabrics, 
nonwovens, mats, or mixtures thereof and functional substances such as dyes, 
indicators, biomolecules , e.g., as aqueous or nonaqueous solutions, disper- 
sions, or suspensions, or mixtures thereof are preferably used. Biomolecules 
which can be used include, for example, proteins such as enzymes, transport 
proteins, receptors, or antibodies. These fillers or functional substances 
can influence in a controlled manner the electric, dielectric, optical, 
mechanical, rheological. sensory, permeative, or diffusive properties of the 

materials obtained. 

Especially during the production of thermal insulation materials, IR- 
I opacifiers are added as fillers. These components serve to reduce the degree 
U to which radiation contributes to the thermal conductivity. Suitable IR 
1 opacifiers include, for example, carbon black, titanium dioxide, iron oxide, 
zirconium oxide, and mixtures of these compounds. They can be added to the 
* aqueous solution or dispersion or to the sol. 

Fillers can also be added to improve the mechanical strength of the 
J mo lded articles or materials obtained. In particular, fibers in the form of 
0 nonwovens or mats, for example, can be added. The fibrous material used can 
consist either of inorganic fibers such as glass fibers or mineral fibers or 
of organic fibers such as polyester fibers, polyamide fibers, or Nylon fibers. 
The fibers can also be coated; for example, polyester fibers which have been 
metallized with a metal such as aluminum can be used. When the goal is to 
reduce the contribution made by radiation to the thermal conductivity of the 
resulting material, furthermore, blackened fibers can be used, such as PET 
fibers black ned with carbon black. 

The fire classification of the material obtained after drying is d ter- 
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mined by the fire classification of the aerogel, of the organic comp nent, and 
of the fibrous material. To obtain a material with the best possible fire 
classification (fire-resistant or incombustible), preferably fibers of an 
incombustible material such as mineral or glass fibers are. used. Examples of 
fire-resistant fibers are melamine resin fibers and fire-resistant polyester 
fibers. 

J£*> ■ Tg ^ reV ea^he^d d .d flbcu. f rom in c ro^iiig-^**--*^^ 

materials which are to be used for thermal insulation^h^^e [sic; 
weight? - Tr. Ed.] fraction ofth^Ji^^^be in the range of 0.1-30 
wt.% [sic; vol.%? --J^^r^r^Trably in the range of 1-10 wt.%, based on 
[1 dried mater^rr^^ition, the thermal conductivity of the fibrous material 
y A^X^c an 1r r »~<M« r preferably less thajuiaJ/ffiK^ 

!| The extent to which radiation contributes to thermal conductivity can be 

| reduced and greater mechanical strength can be achieved by choosing fibers of 
[ suitable diameter and/or material. In this sense, the fiber diameter should 
K preferably be in the range of 0.1-30 »m in the case of nonmetallized fibers 

and/or in the range of 0.1-20 fim in the case of metallized fibers. 
ti The mechanical strength of the material obtained after drying is also 

affected by the length and distribution of the fibers in the aqueous solution 
or dispersion. The fibers can be, for example, introduced as individual fib- 
ers in a random orientation or with an orientation. In this case, they should 
have a length of at least 1 cm. preferably at least 2 cm, to guarantee suffi- 
cient strength of the composite material. 

Nonwovens or mats which have been saturated with the solution or disper- 
sion can als be us d; several layers of nonwovens r mats can be stack d on 
top of one another. When mats with a defined fiber orientation are stacked, 



v ' a 



7 



• 0 



- E 

.M 
O 

m 

a b? 
C3 

in 



it is advantageous for the preferred direction to vary from one layer to the 
next . 

Additional constituents are: 

- dyes in typical concentrations to determine the color of the material 
according to the invention. In principle, any type of dye, either in solution 
or in dispersion, can be used; 

- stabilizers such as UV- stabilizers and hygroscopic components such as 
polyacrylic acids; also amines such as polyvinylamines and immobilized silyla- 
mines, which influence the swelling effect and the adsorption behavior of the 
material; 

_ flame inhibitors such as those typically used as additives for the 
selected polymers, e.g., phosphates and bromine compounds, and IR-absorbers ; 

- indicators, e.g., pH indicators, and biomolecules , e.g., proteins such 
as enzymes, transport proteins, receptors, or antibodies such as fluorescently 
labeled antibodies and dyes, which change the optical behavior (absorption, 
reflection, fluorescence quenching) in the presence of substances to be 
detected. 

The constituents can be held in the composite by covalent bonding, by 
inclusion in voids of the proper size, or even by hydrogen bridge bonds. It 
is also possible to use special immobilization methods such as those known 
from dye technology and biotechnology. The important point, however, is that 
they should not be released while the material is being used for its intended 
purpose. The constituents can be introduced before, during, and/or after the 
drying process, preferably before a subsequent recondensation of the organic 
network. It is also p ssible to prepare a granulate f the material first, to 
grind it, and then to mix it with one or more of the fillers and functional 
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substances list d above. 

In the solution or dispersion used to produce the materials according to 
the invention, the ratio by weight of the silicon dioxide component, to the 
organic polymers and/or polymer precursors is preferably 10-98, more prefer- 
ably 20-90, especially 30-80. When the goal is to produce aerogels or xero- 
sis, the ratio is preferably 10-98, more preferably 20-90. For the produc- 
tion of composite materials, the ratio is preferably 20-90, especially 30-80. 

The aqueous solution used in the process according to the invention con- 
tains preferably 3-70 wt.%, more preferably 5-50 wt.%, and especially 5-35 
wt.% of constituents, based on the total amount of the aqueous solution or 
I dispersion. The polymers and/or polymer precursors are present preferably in 
W an amount in the range of 1-50 wt.%. more preferably 1-30 wt.%. The silicon 
| dioxide components preferably account for 1-30 wt.%. more preferably 1-25 

ff ! • ' ■ 

y wt.%, of the total. 

I The aqueous solution or dispersion for forming polymer networks can be 

| produced by any suitable process. For example, separate aqueous solutions or 
U dispersions of the organic and inorganic materials can be prepared and then 
mixed together. All of the materials can also be dissolved or dispersed suc- 
cessively in water. The P H of the solution thus obtained is preferably 
adjusted in such a way that there is enough time to mix the components tho- 
roughly together before a gel starts to form from the sol. 

Water is preferably used as the aqueous phase. It is also possible, how- 
ever, to use a mixture of water and organic solvents such as alcohols, poly- 
Is, cyclic ethers, etc. In the latter case, the organic solvents, if used, 
account preferably for 0.1-10 wt.%. even more preferably for 0.1-5 wt.%. of 
the total. As a rule, work is carri d out in water as the aque us phase. 
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The aqueous phase, which can be a sol, containing the organic and inor- 
ganic starting substances, is converted in the second step to a gel of 
interpenetrating organic and silica gel networks by changing the pH value of 
the aqueous solution or dispersion and/or by subjecting it to a thermal treat- 
ment! By appropriate adjustment of the pH, the silicate network (silica gel) 
can be induced to form before the organic network is formed. But it is also 
possible for the silicate network and the organic network to form in parallel 
with each other or for the organic network to form first. The time it takes 
for the gel to form and for the two networks to develop can be controlled via 
the control of the pH, i.e., by the addition of a base or an acid. The growth 
® of the networks also depends on whether crosslinking agents are used for the 
] organic network. The pH is preferably adjusted to a value of 3-7 for gel for- 
j 

.= mat ion. 

- A solid gel can also be obtained by increasing the temperature to a point 

below the boiling point of water. The temperature can be even be increased to 
a point above the boiling point of water as long as a pressurized apparatus is 
used to prevent the water from boiling. A solid gel can be obtained within a 
| period ranging from a few seconds to a few hours, the exact time depending on 
the temperature. Work is preferably carried out at a temperature of 10-90'C, 
even more preferably at 30-85'C, at which the time it takes for the gel to 
form is preferably in the range between 0.1 second and 2 hours. 

The gel thus obtained can be hardened and aged at elevated pressure in 
the range of 1-30 bars, preferably of 1-12 bars, at a temperature of 10-200'C, 
preferably of 5-150'C, and especially at 50-150'C. The pressure is selected 
so that the water is prevented from boiling. 

It is also possible to change the pH and to increase the temperatur sim- 



P 

%■ 
% 

E 

E 

■Et C* 

»*!«•■ 



Q 

in 



to 



4 0 



ultaneously. 

It is especially preferred to produce the gel by adjusting the pH to a 
value in the range of 3-8, especially in the range of 5-6, and by increasing 
the temperature to a value of 0-85 4 C at ambient pressure. 
""^J^ ^n-Mrtegpenetea t i ng network [ -si c; sy s tem? -- T r .-I M . ] of en tente- 

organic networks is present in the gel. It^also^s^^ silicate 
network and the organixjiej2*o*k-~^^ each other by, for example, 

cpyaj^ir-^^^ b ri dge bonds, -o r ionic b ojuis-r- 

The organic and inorganic (silicate) networks interpenetrate in dimen- 
sions of no more than 100 nm, preferably of no more than 50 nm, even more pre- 
| ferably of no more than 30 nm, and especially of no more than 15 nm. The term 
"dimensions" means that, in at least 50 wt.%, preferably in 70 wt.%, and espe- 
C S cially in 80 wt.% of the networks, the boundary of the corresponding organic 
® or inorganic phase is reached at a distance of no more than 100 nm, preferably 
»" of no more than 50 nm, even more preferably of no more than 30 nm, and espe- 
rtJ cially of no more than 15 nm from any point of the network. If we assume a 
tfi model of interpenetrating tubes, then this number gives the maximum diameter 
| of the tubes in each network. Because the networks rest against each other to 
at least some extent and can also be bonded to each other, a phase boundary 
between the organic network phase the inorganic network phase is reached in 
most cases at this distance. We can thus also speak of a mixture of organic 
and inorganic phases on a nanometer scale. 

In contrast to the interpenetrating networks according to the invention, 
most of the known mixtures of organic and inorganic materials are present in 
much larger dimensions. 

After a gel of interpenetrating organic and silica gel networks has been 
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formed, the gel is dried. Drying can be accomplished in any desired way; dif- 
ferent drying methods will lead to different types of materials. According to 
one embodiment of the invention, drying is carried out under conditions which 
lead to a xerogel or an aerogel. The selected method of drying, i.e., the 
method by which the solvent or dispersant present in the gel is removed, 
determines whether an aerogel or a xerogel is obtained. A dried gel is called 
an "aerogel" when the solvent or dispersant of the gel is removed at tempera- 
tures above the critical temperature and at pressures starting from a point 
above the critical pressure. As a result, the boundary between the liquid 
phase and the vapor phase is not crossed, and therefore no capillary forces 
are developed, which would otherwise lead to the collapse of the gel during 
4 the drying process. If, however, the solvent or dispersant is removed under 

conditions such that a liquid-vapor phase boundary is formed, the resulting 
"J gel is called a "xerogel". The 3-dimensional arrangement of the network is 
J altered as a result; that is, the distances between the structural elements 
* become much smaller. Processes for drying gels to form xerogels are described 
3 in, for example, Annu. Rev. Mater. Sci., Vol. 20, p. 269 ff . , 1990, and L. L. 
3 Hench and W. Vasconcelos: Gel-Silica Science. Drying processes for producing 

3 

aerogels are described in, for example, S. S. Kistler: J. Phys . Chem. , Vol. 
36, 1932. 

The aerogels/xerogels produced according to the invention preferably have 
a density of no more than 0.6 g/cm 3 , even more preferably of no more than 0.3 
g/cm 3 . They preferably have a thermal conductivity of no more than 0.06 
W/mK, even more preferably of no more than 0.04 W/mK. Especially when the 
relative weight fraction-of the in rganic network is in the range of 1-50 
wt.%, preferably in the range of 1-10 wt.%, based on the total weight of the 
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aerogel, it is possible to produce aerogels with a density of less than 0.27 
g/cm 3 . 

The aerogels according to the invention have greater mechanical strength 
than other, known inorganic aerogels. 

As a result of their low thermal conductivity, the aerogels can be used 
as thermal insulation materials; and, as a result of their high sound absorp- 
tion capacity, they can be used as soundproofing materials. For this purpose, 
the aerogels can be fabricated into any desired type of shaped article, or 
they can be applied as a surface coating. The aerogels can be used directly, 
in the highest possible volume concentration, either as molded aerogel bodies 
fjj su<* as plates, rolls, sheets, or beads or as bulk granulate. The molded 
^ articles can be produced before the gel is formed by introducing the aqueous 
1 solution or dispersion into a mold or by applying it to a surface and then by 
f! forming the gel and drying it. 

" it is also possible to use the aerogels according to the state of the art 

_ as a component of standard fabrication methods. For example, they can be used 
I as a thermally insulating additive to foams according to EP-A 0,667,370; in 
1 hydrophobed form in aqueous suspensions according to DE-A 4.437.424; or as a 
filler in the processing of ceramics, as described in WO 96/15 ,997 and WO 
96/15,998. in conjunction with extrusion techniques, it is especially advan- 
tageous that the mechanical strength of the aerogels under pressure (modulus 

f elasticity) is much higher than that of aerogels of comparable density pro- 
duced without an organic component. Surfaces can be coated quite easily 
thanks to the adhesive properties of the solutions or dispersions. Suitable 
coating methods include, for xample, spraying, spreading with a blade, and 
brushing. After the applied coating has dried, firmly adhering, thermally 
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insulating, sound- absorbing surface coatings are obtained. Because they have 
a low sound velocity and because their sound absorption capacity is greater 
than that of monolithic aerogels, the materials can be used as sound absor- 
bers, either directly or in the form of resonance absorbers. 

j >nnn..on n f rha ir 1 ar tr p in ternal su rf a ce a* nn , rh" aprngfls 
ful as adsorbents. They typically have pore sizes in thejcajige-^rrT- 100 , pre- 
ferably of 5-20 [ma? -- Jr. Ed.]. They can ther^forW be used as adsorbents 
for a wide variety of substanc^s^Sp^cially since the target substance can be 
adsorbed eithej^orr-ehT^rganic polymer used or on the silica gel. Because the 
tmo us, the aerogel s can alco b o "fin d as fi l ter mater i- a^s-r- 
In addition, they also have barrier properties versus water and/or 
organic solvents. 

C3 They can also be used as filler material for chromatographic separation 

S columns intended for chiral selection and/or the separation of enantiomers. 
3 They are also suitable as a base material for membranes. 

rjj They can also be used, furthermore, in the electronics area for the pro- 

h duction of, for example, integrated circuits (ICs) . 

They can, furthermore, be loaded with compounds which make it possible 
for them to be used as sensors. For example, functional units such as pH 
indicators or moisture indicators can be held within the aerogel. Thus the 
aerogels according to the invention can be useful in a large variety of sensor 
applications . 

In conjunction with dyes, indicators, and/or biomolecules such as pro- 
teins, e.g., enzymes, transport proteins, receptors, or antibodies, the aero- 
gels can thus also be useful in the areas of medical diagnosis and sensor 
technology. 



They can also be used for retarding the release of active ingredients. 
For this purpose, they are first loaded with the active compounds, which are 
bound reversibly to the networks. This bonding can be accomplished, for 
example, with the help of the silicate structures or possibly via amino groups 
present in the organic network. Thus, for example, active ingredients such as 
cholesterol and other active pharmaceutical ingredients can be released at a 
slowed rate. Advantage can be taken here of the specific bonding of certain 
compounds to the aerogel. The bonding behavior can also be modified by chang- 
ing the pH, for example. 

The aerogels according to the invention are more flexible and elastic 
§ than aerogels not modified with organic polymer networks. They are therefore 
jj to be especially preferred in cases where mechanical loads are involved, since 
1 they show significant advantages in this respect over brittle, purely inor- 
fjj ganic aerogels. 

»" Through the appropriate selection of suitable organic polymers, the aero- 

fJ gels can be made biocompatible, so that it also becomes possible to bond 

m biomolecules such as proteins, e.g., enzymes, transport proteins, receptors. 

o 

f§ or antibodies, to them. 

In the form of xerogels, the materials according to the invention can be 
used for appropriate applications where a pore volume less than that of an 
aerogel is- desired. For these uses, reference can be made to the previous 
d scription of the aerogels. 1 
The gels can also be dried under conditions which lead to a composite 
material. This composite can then be calcined. To produce composite materi- 
als/the gels are dewatered in such a way that the n twork structures collapse 
and a c mpact, solid body is obtained, which has only a small number or pores 
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or no pores at all. These solid bodies typically have a density of 0.8-1.2 
g/cm3 . The composite materials thus obtained can be brought into any desired 
shape, as described above, or applied as a surface coating. Their properties 
differ considerably from those of organic polymers and inorganic ceramics. In 
addition, the materials are usually translucent. Especially in conjunction 
with appropriate fillers such as those described above, materials with highly 
advantageous properties, especially with respect t* elasticity and mechanical 
strength, are obtained. The materials are scratch-resistant; they heat - 
stable; and they are much less crumbly and brittle than silicate materials. 
The organic networks can be fused or hardened even more by heating them, espe- 
fj cially by calcining them, preferably at temperatures of 80-20CTC, even more 
?j preferably of 90-150'C, and most preferably of 90-130'C. When condensable 
E 2 organic polymers are used, further condensation can occur. Thus, these nonpo- 
S rous materials can be used in the form of granulates for the production of 
{■ mo lded articles; the granulate is preferably press-molded under heat. Such 
l granulates can also be molded by extrusion, for example, provided that the 
I organic network constitutes a sufficient percentage of the whole. When bulk 
~ material is used, it is possible to arrive according to the invention at so- 
called "nanocomposites", which are much less expensive than the previously 
known nanocomposites. Thus granulates or molded ceramic articles can be pro- 
duced from the composite materials. These composite materials are also suit- 
able as surface coatings. For example, they can be used to obtain flexible 
and scratch-resistant surfaces. 

According to the Invention, the Inorganic networks can be chemically 
modified. For this purpos . a s Ivint exchange -ith an organic s Ivent can be 
brought about in the gel, as described in, for example, EP-A 0,658.513. As a 
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result, for xample, methoxy groups can be added by supercritical drying in 
methanol, or, more generally, alkoxy groups can be added by drying in alka- 
nols. This process is limited to the covalent addition of hydrophobic groups. 

An organic modification of the gels according to the invention, in which 
the extent of the organic involvement can be freely chosen, is described in, 
for example, WO 97/10,178. Here, for example, components for hydrophobic sur- 
face modification can be introduced into the solvent, whereupon drying is per- 
formed under either supercritical or subcritical conditions. It is also pos- 
sible to conduct several solvent exchanges with different organic solvents in 
succession. If additional substances are used for hydrophobing, then any 
excess reaction solution can be removed before the following drying by washing 
with pure solvent. In general, aliphatic alcohols, ethers, esters, or ketones 
as well as aliphatic or aromatic hydrocarbons are suitable as organic sol- 
vents. It is also possible to use mixtures of these solvents mentioned. The 
preferred solvents are methanol, acetone, tetrahydrofuran, acetic acid ethyl 
ster, dioxane, n-hexane, n-heptane, and toluene. The solvent which is espe- 
cially preferred is acetone. 

The preferred goal of the surface modification is to introduce covalently 
bonded hydrophobic surface groups, which are resistant to hydrolysis during 
use. Suitable groups are trialkylsilyl groups of the general formula 
-Si(R 3 ), where the R's, which can be the same or different, stand for a 
n nreactive organic radical such as a C^-^-alkyl, preferably a C 4 -C e _-alkyl, 
and most preferably for methyl or ethyl, cyclohexyl, or even phenyl. It is 
also possible to use C 2 - 1 6 -alkenyl, and preferably C 2 - 6 -alkenyl radicals. It 
is especially advantage us to use trimethylsilyl groups to make, the material, 
especially the aerogel, permanently hydrophobic. 



These groups can be introduced as described in WO 94/25.149. A gas-phase 
reaction is conducted between the aerogel and an activated derivativ of a 
trialkylsilane such as a chlorotrialkylsilane or a hexaalkyldisilazane; see 
also R. Iler: The Chemistry of Silica, Wiley and Sons, 1979. It is also pos- 
sible to react an acetone -containing gel with trimethylisopropenoxysilane ; see 
DE-C 195-02,453. The introduction of hydrophobic surface groups is not a nec- 
essary condition for the production of low-density aerogels according to the 
invention; on the contrary, it makes possible an expansion of the application 
spectrum with respect to systems which are insensitive to water. 

Drying is usually conducted after the modification and is continued until 
the residual solvent content is less than 0.1 wt.%. Examples of suitable dry- 
ing processes include contact drying and convection drying as well as electric 
drying processes. 

The invention is explained in greater detail below on the basis of 

examples . 

The thermal conductivity of the aerogels produced according to the inven- 
tion was measured by the heating wire method; see for example, 0. Nielsson, G. 
Ruschen P 6hler, J. Gro*, and J. Fricke: High Temperatures - High Pressures, 
Vol. 21, pp. 267-275, 1989, Academic Press Inc., New York. 

The modulus was measured by the three -point bending method; see, for 
example, G. W. Scherer, S. A. Pardenek, and R. M. Swiatek: J. Hon- Crystal line 
Solids, Vol. 107, pp. 14-22, 1988, Academic Press Inc., New York. 

Example i 
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a solution of a standard commercial sulfamate -modified melamine^nTi . • • . 
Madurit® MW114 from Cassella AG, which had been dilute^xr^wt . % , and the 
P H of which had also been adjusted to 5.7^¥»cM»rl« acid. Thus 
a sol was formed, which was poured inJ*T<mm- thick [sic; diameter? - Tr. Ed.] 
tubes. After the sol had been^lowed to gel for 6 hours at 85'C, the tubes 
were cooled and the gel from the tubes. The water present in the 
pores of the gel wa^changed with acetone until the concentration of water 
in the aceton^less than 1 wt.%. The gel thus obtained was dried in a 
stream of-nWogen heated to 150'C and conducted at a rate of 1,000 L/h. The 
sol^ensity of the dried gel was 0.28 g/cn.3 , and its thermal conductivity 
^^ Eeem - t;e ^erature was 47^nW/^ — - 
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Example 2 

Free silicic acid was produced from a 7 wt.% sodium silicate solution by 
the use of an acid ion-exchanger and adjusted to a P H of 5.7 with dilute 0.1 N 
sodium hydroxide. 100 mL of this solution was then mixed with 5 mL of a solu- 
tion of a standard commercial sulfate -modified melamine resin, i.e.. Madurit® 
MW114 from Cassella AG, which had been diluted to 10 wt.% and the pH of which 
had also been adjusted to 5.7 with 0.1 N hydrochloric acid. The sol thus 
formed was then poured into 6-mm-thick tubes. After the sol had been allowed 
to gel for 6 hours at 85'C, the tubes were cooled and the gel was removed from 
the tubes. The water present in the pores of the gel was exchanged with ace- 
tone until the concentration of water in the acetone was less than 1 wt,%. 
The gel thus obtained was dried in a 2.000 L/h stream of nitrogen, which had 
been heated to 150'C. The solid density of the dried gel was 0.22 g/cm» , and 
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its thermal conductivity at room temperature was 34 mW/mK. 

pxamole 3 

Free silicic acid was produced from a 7 wt.% sodium silicate solution by 
the use of an acid ion-exchanger and adjusted to a P H of 5.7 with dilute 0.1 N 
sodium hydroxide. 100 mL of this solution was then mixed with 6 mL of a solu- 
tion of a standard commercial sulfate-modif ied melamine resin, i.e., Madurit® 
MWU4 from Cassella AG, which had been diluted to 10 wt.% and the P H of which 
had also been adjusted to 5.7 with 0.1 N hydrochloric acid. A sol was thus 
formed. In addition, 1 wt.% (based on the solids content of the sol) of stan- 
S dard commercial acetylene carbon black was incorporated into the sol by the 
3 use of an Ultraturrax. The mixture was poured in 6 -mm- thick tubes. After the 
I sol had been allowed to gel for 6 hours at 85«C, the tubes were cooled and the 
5 gel was amoved from the tubes. The water present in the pores of the gel was 
exchanged with isopropanol until the concentration of water in the isopropanol 
was less than 1 wt.%. The gel thus obtained was dried in a 1,000 L/h stream 
of nitrogen, which had been heated to 150'C. The solid density of the dried 
g 1 was 0.28 g/cm 3 , and its thermal conductivity at room temperature was 50 
mW/mK. 
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